Spatially and temporally varying patterns of morphogen signals during development drive cell fate 21 specification at the proper location and time. However, current in vitro methods typically do not 22 allow for precise, dynamic, spatiotemporal control of morphogen signaling and are thus 23 insufficient to readily study how morphogen dynamics impact cell behavior. Here we show that 24 optogenetic Wnt/b-catenin pathway activation can be controlled at user-defined intensities, 25 temporal sequences, and spatial patterns using novel engineered illumination devices for 26 optogenetic photostimulation and light activation at variable amplitudes (LAVA). The optical 27 design of LAVA devices was optimized for uniform illumination of multi-well cell culture plates to 28 enable high-throughput, spatiotemporal optogenetic activation of signaling pathways and protein-29 protein interactions. Using the LAVA devices, variation in light intensity induced a dose-dependent 30 response in optoWnt activation and downstream Brachyury expression in human embryonic stem 31 cells (hESCs). Furthermore, time-varying and spatially localized patterns of light revealed tissue 32 patterning that models embryonic presentation of Wnt signals in vitro. The engineered LAVA 33 devices thus provide a low-cost, user-friendly method for high-throughput and spatiotemporal 34 optogenetic control of cell signaling for applications in developmental and cell biology.
INTRODUCTION

36
Cell fate decisions are governed by dynamic, spatially and temporally varying signals from the 37 cellular environment. In particular, during development, morphogen gradients orchestrate the 
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We have designed a programmable illumination system for photostimulation of multi-well plates 95 that can be readily incorporated into the workflow of routine cell culture and allow controlled and 96 quantitative spatiotemporal light patterning. Specifically, we engineer cell culture illumination 97 devices for light activation at variable amplitudes, or LAVA boards. We optimize the LAVA board 98 optical configuration for illumination uniformity and achieve programmable photostimulation of 99 independent wells of 24-well or 96-well culture plates kept in standard 37 ˚C tissue culture 100 incubators. Each well can be wirelessly programmed through a graphical user interface (GUI) at 
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Optimization and characterization of illumination uniformity
163
We established the LAVA optical system design by modeling the optical configuration of a single 164 well in the optical ray tracing software Zemax OpticStudio (Figure S2A-S2H ). We then optimized 165 the optical configuration for uniform well illumination (Figure 2A ). Due to spatial constraints of a 166 TC incubator, we used optical diffusers, rather than lenses, in addition to optical scattering from 167 the 3D-printed light guides to ensure illumination uniformity. In the Zemax model, parameters 
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Modeling results showed that the parameter with the strongest effect on uniformity was the axial 171 thickness, d, of the two 3D-printed light guides (labelled in Figure 1B ). Based on these modeling 172 results, we fabricated LAVA devices and experimentally validated the resulting well uniformity by 
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Measurement of light intensity as a function of radial distance confirmed the improved illumination uniformity, which came at the expense of maximum illumination intensity ( Figure 2B) . Increasing 176 d from 1 cm to 1.5 cm attenuated the intensity decrease at the well edge from 20.4% to 16.9%, 177 i.e. a roughly 20% improvement in uniformity. A larger d also resulted in a two-fold improvement 178 in well-to-well variability between the 24 independent wells (2.6% versus 1.2% coefficient of 179 variation) ( Figure S4D) . For experimental applications where intensity of illumination is 180 paramount to well uniformity, a lower d could be used to achieve higher illumination intensities.
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Thus, the LAVA boards can be used in two hardware configurations, which are summarized as 182 follows: (1) a low-intensity, high-precision configuration at d = 1.5 cm where intensity can be 183 programmed from 0 -10µW/mm 2 in 0.0024 µW/mm 2 increments with high illumination uniformity 184 and low well-to-well variability and (2) a high-intensity, low precision configuration at d = 1 cm 185 where well intensity resolution, variability, and uniformity are sacrificed to achieve a doubling in 186 light intensity (0 -20µW/mm 2 in 0.005 µW/mm 2 increments) ( Figure 2C ). we did not observe significant heating (0 -2 µWmm -2 ), we assessed potential phototoxic effects 258 on hESC cultures after 48 hrs of continuous illumination. Above 1 µWmm -2 , we observed a significant increase in apoptosis and membrane integrity markers Annexin IV and propidium 260 iodide (PI), as well as a corresponding increase in cell debris and edge roughness of hESC 261 colonies (Figure S6B-S6C) . Thus, for all optogenetic stimulation we used light intensity under 1 262 µWmm -2 (specifically, 0.8 µWmm -2 ). At this intensity, we saw no decrease in pluripotency markers 263 SOX2, NANOG, and OCT4 after 48 hrs of illumination of wild-type hESCs, as well as no 264 spontaneous BRA+ mesendoderm differentiation ( Figure S6D) . Notably, since saturation in the 265 percentage BRA+ optoWnt cells occurred at ~0.4 µWmm -2 (Figure 3D) , the optoWnt operating 266 range falls below the 1 µWmm -2 phototoxicity threshold. 
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271
We designed a LAVA board GUI to allow users to input the desired temporal light patterns for (Figure S9A) . The mask feature size was limited by the cutting resolution of 310 the die cutter to ~150 µm (Figure 9B) . Using such photomasks, we were able to illuminate wells 311 with arbitrary light patterns and induce optoWnt clustering only in illuminated regions (Figure 5B) .
312
Since the mask was placed underneath the TC plate, we anticipated that there would be light 313 scattering through the plate bottom (170 µm-thick coverglass) that would compromise the mask 314 resolution (Figure S9C) . To quantify the extent of light scattering, we measured the number of 315 LRP6 clusters as a function of distance beyond the mask edge and found that clusters were 316 induced ~50 µm from the mask edge ( Figure 5C) . Thus, photomask feature size was limited to 317 ~150 µm while patterning resolution (full width at half maximum, see methods) was ~100 µm 318 ( Figure 5C ). 
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We next illuminated optoWnt cultures with a stripe of light to mimic the spatial geometry of Wnt engineered devices that programmatically control photostimulation intensity, timing, and location 389 at 0.005 µWmm -2 , 10 ms, and 100 µm resolution, respectively. As optical system cost and ease 390 of use can be significant barriers for adoption of optogenetic studies, we also developed a GUI 391 for simple configuration and wireless upload of desired intensity patterns to LAVA devices from a 392 personal computer. Further, to make optogenetic studies more accessible, we provide a detailed 393 protocol, design files, and software source code for both 24-well and 96-well plate LAVA board 394 assembly. Each device takes ~8 hrs and less than $500 to fabricate and assemble.
395
One of the major optical design parameters we optimized during LAVA board design was 
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Lastly, for spatial control, we implement a dye-cut photomask to achieve spatial patterning at 100 424 µm resolution (Figure 5C) 
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Currently, the hardware design allows independent control of a single color, but can be extended 438 to multicolor stimulation by modifying the electronics design to incorporate more LED drivers.
439
To stimulate photosensory proteins, light delivered by LAVA devices must be of sufficiently high 440 intensities. We have found that the achieved illumination intensities (0 -20 µWmm -2 ) are sufficient 441 for optoWnt photostimulation, which requires merely 0.5 -1 µWmm -2 for maximal activation 442 ( Figure 3D) . However, LAVA board intensities may be insufficient for less sensitive photosensory 
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Lastly, spatial patterning with a photomask is limited to a static, two-dimensional light pattern, In PCB2, a power supply connects through a barrel power jack to power the LEDs through an 496 LED driver (TLC5947, Adafruit). Power is also supplied to three fans and the Raspberry Pi 
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Immunostaining and imaging 557 Cells were fixed with 3% PBS -paraformaldehyde (ThermoFisher) for 20min at room temperature 558 and subsequently washed three times with PBS. Blocking and permeabilization was done with 559 5% donkey serum (D9663, Sigma-Aldrich) and 0.3% Triton X-100 (Fisher Scientific) (PBS-DT) for 560 1 hour. Cells were incubated with primary antibodies ( Supplementary Table 1) were stitched together and oligomers were manually counted in Fiji based on the LRP6 587 fluorescence channel. The pixel location of each identified LRP6 oligomer was recorded. Since 588 the photomask pattern was a vertical stripe, the oligomer counts were summed vertically over multiple fields of view to quantify the spatial distribution of oligomers relative to the photomask.
590
The spatial extent of photostimulation due to light scatter was calculated by determining the full 591 width half maximum (FWHM) of the LRP6 oligomer distribution outside of the photomask.
592
Flow cytometry and analysis 593 Cells were lifted with Accutase at 37 ˚C for 5min, centrifuged, and resuspended in flow buffer 594
